INTRODUCTION
Eddy currents can be used to characterize the conductivity and thickness of coatings on metals. However, when the same techniques were applied to magnetic metals, some uncertainties were found. Wehave discovered that the broadband behavior of eddy current coils in proximity to ferromagnetic surfaces depends dramatically upon very thin surface layers. For nicke!, we found a 10~100 micrometers thick dead layer at the surface that reduces the apparent relative magnetic permeability substantially (1] . Conversely, this extreme sensitivity to surface conditions means that measurement methods can be devised that will be sensitive to very thin surface coatings, on the order of a few micrometers thick or less.
Recently Moulder, Uzal, and Rose [2] developed a swept-frequency eddy current technique for determining the thickness and the conductivity of a conducting layer over a metal substrate of known conductivity. Their approachwas based on an absolute comparison ofmeasurement to an exact solution for the impedance of an air-core coil over a layered metal by Cheng [3] and by Dodd and Deeds [4] . No calibration specimens were either required or used. The approach ofMoulder et al. provided good estimates for both the thickness and conductivity. Sethuraman and Rose [5] developed a more rapid (several seconds on the same processor) solution that was based on isolating three characteristic features of the frequency-domain response and then relating the thickness and conductivity to these features. Tai, Rose and Moulder [6] developed a transient eddy current method that can determine the thickness and the conductivity of a conducting layer over a metal substrate of known conductivity. A rapid inversion method based on a look-up table was developed to determine the thickness and conductivity.
Previous studies were restricted to nonmagnetic metals. In this paper, we develop a measurement technique using either swept-frequency eddy current or transient eddy current methods for determining the thickness, conductivity, and permeability ofmetallic coatings on metal substrates for the case when either coating, meta!, or both are ferromagnetic. The method involves using the empirically determined permeability ofthe material as input to the model calculation. We demonstrate this technique for copper layers over nicke! substrates, nickellayers over copper substrates, and zinc layers over steel substrates. The latter measurements imply that the new method can be used to characterize the galvanization of steel, an important technological process. The organization ofthis paper is as follows. In the next section, we review and develop the theory needed to describe frequency domain impedance for the swept-frequency eddy current method and the current-voltage response function for the pulsed eddy-current instrument. Then we describe the experimental setup and measurements. Results are described and theory and experirnent are compared in the last section. Finally, the paper is concluded with a summary.
THEORY Impedance Difference: Swept-frequency Eddy Current Method
The theoretical calculation ofthe impedance of a right-cylindrical, air-cored eddy-current coil placed over a magnetic, single layered half-space is presented in this section. Figure 1 shows the schematic diagram ofthe model under study. The conductivity and permeability ofthe layer is denoted by a 1 and J.1 1 , and that ofthe substrate by a 2 and J.1 2 . J.lo is the permeability offreespace. The thickness ofthe layer is denoted by c. The base ofthe coil is at a height / 1 above the surface and the top of the coil is at z = 1 2 . The coil parameters of importance are number oftums N, inner and outer radii 'i and r 2 , and coillength L = 1 2 -/ 1 . See Table 1 . and Fig. 2 . for the parameters and geometry ofthe coils used in this study. Cheng, Dodd and Deeds [7] have given analytic solutions for calculating the coil impedance when coils were put above strati:fied conductors. We present the solutions in an alternative form for the case oftwo-layer magnetic metals. The coil impedance above a magnetic, single layered halfspace is (1) where
and (6) The impedance ofthe coil above a layer-free reference half-space is given by (7) We measure the coil impedance for the coil above single layered half-space and a half-space of the base material. The impedance difference, LIZ, of the impedance for these two cases is reported. The change in the current induced by a step-function change ofvoltage in a right-cylindrical, air-cored coil when it is placed next to a layered meta! plate compared to when it is placed next to a layer-free reference plate is calculated in this section. The calculation proceeds roughly as follows. Westart in the frequency dornain. First, we calculate ZL, the impedance of a right-cylindrical, air-cored eddy-current coil placed next a layered half-space. We also calculate ZHsP, the impedance of the coil placed next to a layer-free reference half-space. We obtain the admittance difference LlYby subtracting the inverse of ZHsP from the inverse of ZL. The 
Here, M(m) = ~Y(m) · V(m) and ~y = l I ZL -l I ZHsP is the admittance difference. Furthermore, V( 01) is the Fourier transform of the applied step-function voltage v(t). We can further simplify the above formula and one finds
since ~Y(t) is pure real.
EXPERIMENT
The experimental setup and measurements are described in this section. Two apparatuses were used in this work -the swept-frequency eddy current system and a newly developed pulsed eddy current system (Fig 3a & 3b) . Frequency domain measurements were done by using an automated eddy-current work station. The complex impedance ofthe coil was determined with a HewlettPackard HP 4l94A impedance analyzer. Measurements were made at 400 equally-spaced frequencies that ranged from I kHz to I MHz. The coil and its associated cable were connected to the impedance analyzer and the coil was mounted in a fixture over the specimen to permit placing the coil on the surface in a reproducible manner. Measurements were taken both on the layered material ZL and on the uneavered substrate Z HSP· Data are reported here as the difference ofthe two complex impedances, LlZ= Z L-ZHsP·
1596
+ Delecuon prc-ampldicr HP 4194A (a) FE ) tcm (b) PE y tem Figure 3 . Blockdiagrams of swept-frequency eddy current system and pulsed eddy current instrument used in this work. All current difference measurements were taken with a pulsed eddy-current instrument. The pulsed instrument contains two important components. The first is a 1 MHz 16-bit AfD converter and associated computer. The second is an extemal apparatus which is responsible for driving the probe, and amplifying the retum signal. All the measurements reported here have 500 points lying between 0 ps and 499 ps. The coil and its associated cable were connected to the absolute PEC probe driver and the coil was mounted in a fixture over the sample to permit placing the coil on the surface in a reproducible manner. Measurements ofthe current were obtained both on the layered material and on apart ofthe substratenot covered by the layer. We recorded the difference ofthe two currents, ill, at each time point.
Two precision-wound and nearly right cylindrical coils were used as probes. The first, denoted probe A, was relatively large; the second was smaller and denoted probe L. Actual dimensions of these probes are given in Table I . The shape ofthe air-core coil is shown in Fig. 2 . lt consists of N turns wound in a circular coil of reetangular cross section. The resistance of the coil will be canceled when we calculate the impedance difference. Butthis value is crucial for calculating the current difference in the time-domain, since the admittance difference, ßY, is used in this case. The absolute PEC probe driver allows one to measure current changes in the output of a single coil. The idea here is to drive a single coil with a step voltage, and then monitor the resulting time behavior ofthe current flow. This is a more direct comparison with the way the impedance analyzer works.
Measurements were taken for a variety of samples, including layers of zinc, copper and nickel over steel, nickel, and copper substrates. Nickel and steel are magnetic metals. Eight foil samples of pure nickel were prepared by stacking to different thickness ranging from 0.025 mm to 0.2 mm. Copper foils ofthickness ranging from 0.025 mm to 0.2 mm were prepared in a similar fashion using copper 101. Eight zinc foils were used ranging from 0.025 mm to 0.4 mm. Formost ofthe measurements we report here these foils were placed in contact with a given substrate and the probe then placed upon the foil. Table II contains the electrical conductivities and permeabilities ofthe layers and substrates we used.
The method we used to determine the permeability of metals is based on comparing the theoretical estimations to the practical measurements by the swept-frequency eddy current method. (Fig. 4.) This arises from the complexities ofinteraction between the coil impedance and magnetic metals. Ifthe material is conducting and ferromagnetic (u > O,f.J, > 1) (such as nickel, iron, steel or ferrites), the exciting coil reactance changes in a different way than with nonmagnetic test materials. The flux lines within the magnetic material find portions oftheir path in such material to have far less reluctance than air. This means that the path ofthe flux lines is shortened, and then the magnetic flux density in the coil is increased. The coil inductance and inductive reactance increase dramatically when a highly permeable magnetic material is tested. However, ifthe frequency ofthe ac current is high enough (up to a megahertz), the influence of eddy currents becomes predominant. The net effect is to decrease the inductance with increasing frequency. A zero-crossing occurs when these two effects are in balance, and it provides a sensitive measure ofthe ratio ~a. Ifthe conductivity is known, it accurately predicts the permeability for the uniform half-space model. 
RESULTS
We report the coating thickness estimated from experimental data in this section. Three combinations of foil and substrate metals were studied: zinc, nicke!, and copper foils over steel, copper, and nicke! substrates. Formost ofthe cases we have studied, experiment and theory agree fairly weil, within 5%, with no adjustable parameters.
Same selected measurements are compared with theory in Fig. 5 . Figure 5(a) shows the case for nomnagnetic coatings on magnetic base meta! using the frequency-domain eddy-current method. We compare theory and experiment for swept-frequency eddy current measurements of zinc foils of different thickness on a steel alloy substrate. Figure 5(b) shows the case for magnetic coatings on a nomnagnetic base meta! using the time-domain eddy-current method. We compare theory and experiment for pulsed eddy current measurements of nicke I foils of different thickness on a copper substrate. The permeabilities ofthe magnetic metals were deterrnined by the method described in the experiment section. As is evident from the comparison ofthese results, the signal is sensitive to the thickness ofthe coating and the conductivity and permeability ofthe underlying material.
Coating thickness can be deterrnined from the features ofthe signal. Figures 6 and 7 show coating thickness estimation using eddy current methods. We assumed that both the conductivities and the permeabilities ofthe metals are known. As shown in Fig. 5(a) , the key features ofthe sweptfrequency eddy current signal are the peak-height, peak-frequency and zero-crossing frequency. Figure 6 (a) compares calculated and measured zero-crossing in the real part ofthe impedance change between specimen with layer and substrate alone for a series of zinc foils of varying thickness on a steel substrate. Figure 6(b) shows the inferred thickness of zinc foils compared to actual thickness. Thickness was determined from zero-crossing in the real part of impedance change between specimen with layer and substrate alone by using theoretical prediction ofthe relation between zero-crossing frequency and thickness. Figure 7 shows the deterrnination of coating thickness from the pulsed eddy current method. As shown in Fig. 5(b) , the features ofthe pulsed eddy current signal are the peak-height, peak arrival time and zero-crossing time. current change between specimen with layer and substrate alone for a series of nicke! foils of varying thickness on a copper substrate. Figure 7 (b) shows inferred thickness ofnickel foils compared to actual thickness. Thickness was determined from peak-height ofthe current change between specimen with layer and substrate alone by using theoretical prediction ofthe relation between peak height and thickness.
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SUMMARY
We have developed measurement methods for determining the thickness, conductivity and permeability of metallic coatings on metal substrates for the case when either coating, metal, or both are ferromagnetic. The methods can be quite accurate, and are sensitive to very thin coatings, on the order of several micrometers. This work paves the way for development of new, quantitative methods to characterize surface layers on ferrous materials, such as depth of case hardening.
